Dextran glucosidase from Streptococcus mutans (SmDG), which belongs to glycoside hydrolase family 13 (GH13), hydrolyzes the non-reducing terminal glucosidic linkage of isomaltooligosaccharides and dextran. Thermal deactivation of SmDG did not follow the single exponential decay but rather the two-step irreversible deactivation model, which involves an active intermediate having 39% specific activity. The presence of a low concentration of CaCl 2 increased the thermostability of SmDG, mainly due to a marked reduction in the rate constant of deactivation of the intermediate. The addition of MgCl 2 also enhanced thermostability, while KCl and NaCl were not effective. Therefore, divalent cations, particularly Ca 2þ , were considered to stabilize SmDG. On the other hand, CaCl 2 had no significant effect on catalytic reaction. The enhanced stability by Ca 2þ was probably related to calcium binding in the ! loop 1 of the ð=Þ 8 barrel of SmDG. Because similar structures and sequences are widespread in GH13, these GH13 enzymes might have been stabilized by calcium ions.
Dextran glucosidase, found in Streptococcus mutans (SmDG) as the dexB gene product, hydrolyzes (1 ! 6)--D-glucosidic linkages at the non-reducing end of substrates to release glucose.
1) The enzyme acts preferably on short-chain isomaltooligosaccharides, but also hydrolyzes dextran. 1, 2) SmDG catalyzes transglucosylation at high concentrations of the substrate, resulting in the formation of -1,6-glucosidic linkages. 2) Glycoside hydrolases are classified into glycoside hydrolase families on the basis of sequence similarity. The largest group in the CAZy database (http: //www.cazy.org) 3) is glycoside hydrolase family 13 (GH13), which contains -amylase, cyclodextrin glucanotransferase, -glucosidase, and many different activities in addition to dextran glucosidase. Most GH13 enzymes act on -glycosides, such as starch, glycogen, and related oligo-and polysaccharides, and catalyze predominantly hydrolysis and transglycosylation with retention of the -anomeric configuration. GH13 enzymes share a core three-domain structure composed of domains A, B, and C. Domain A is a ð=Þ 8 barrel fold, domain B is a long protruding loop between 3 and 3 in the ð=Þ 8 barrel, and domain C is an antiparallel -sheet at the C-terminus. The catalytic center, subsite À1, is structurally well-conserved by seven invariant amino acid residues, while the other parts are structurally diverse so that the enzymes catalyze different reactions. 4) GH13 enzymes are classified into 36 subfamilies on the basis of amino acid sequence. 5) Dextran glucosidase belongs to subfamily 31 (GH13 31), together with oligo-1,6-glucosidase, -glucosidase, sucrose isomerase, isomaltulose synthase, and trehalulose synthase. The enzymes act on -glucoside at the non-reducing ends of the substrates, and catalyze hydrolysis, transglucosylation, and isomerization.
Some GH13 enzymes require calcium ions for activity and stability. In particular, the most predominantamylases are dependent on calcium ions. 6) Manyamylases possess two calcium-binding sites in domain B, and the bound calcium ions stabilize the protruding loop structure. 7) Other GH13 enzymes, such as cyclodextrin glucanotransferase, cyclodextrinase, and -glucosidase, are also calcium dependent, [8] [9] [10] [11] and possess Ca 2þ in the equivalent positions and/or different parts of the structures. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Trehalulose synthase, a member of subfamily GH13 31, has one calcium ion in the ! loop 1. 13) In cyclodextrin glucanotransferase 8) andamylase 2 (TVAII) of Thermoactinomyces vulgaris, 22) calcium ions function to enhance the stability.
SmDG is one of the enzymes containing Ca 2þ in the solved structures.
12) It has a simple three-domain architecture, and the ! loops of domain A and part of domain B are involved in the formation of a pocket-shaped active site, in which the residues in subsite À1 are conserved structurally at the bottom. On the outside of the active pocket, one calcium ion is coordinated tightly by atoms of Asp21, Asn23, Asp25, Ile27, and Asp29 in the ! loop 1 of domain A (Fig. 1) . 12) In this report, we present the denaturation kinetics of SmDG. The denaturation of proteins is generally described by a single-step irreversible denaturation model, in which denaturation is expressed by a single rate constant. Another model is the two-step irreversible model, in which an irreversible active intermediate is postulated before the enzyme is completely inactivated. 24) This model has been used to describe the thermal denaturation of Bacillus licheniformis -amylase, 24) and has been employed for other enzymes. 25, 26) We applied the two-step irreversible denaturation model to evaluate the thermostability of SmDG and to investigate the effect of calcium ions on thermostability. The thermal denaturation was described well by the model, and the presence of Ca 2þ enhanced thermostability. Increased stability with the calcium ion is a novel characteristic of GH13 31 enzymes. The possibility that many enzymes belonging to several GH13 subfamilies have the similar properties is discussed.
Materials and Methods
Enzyme. Recombinant His 6 -tagged SmDG was prepared as described previously.
2) It was produced in Escherichia coli BL21(DE3) CodonPlus RIL (Stratagene, La Jolla, CA, USA) transformant harboring the expression plasmid derived from pET23d (Novagen, Darmstadt, Germany) and purified to homogeneity through a Ni-chelating Sepharose column (Chelating Sepharose FastFlow; GE Healthcare, Little Chalfont, UK). The purified enzyme was dialyzed thoroughly against 20 mM sodium acetate buffer (pH 6.0) and 0.02% sodium azide.
Biochemical assay. The protein concentration was determined by quantification of the various amino acids by the ninhydrin colorimetric method using an amino acid analyzer (JEOL model JLC-500/V, Tokyo, Japan) after hydrolysis of 26 mg of SmDG in 6 M HCl at 110 C for 24 h. 27) Enzyme activity (1 U) was defined as the amount of enzyme that catalyzes the release of p-nitrophenol (pNP) at an initial rate of 1 mmol s À1 from 2 mM p-nitrophenyl -glucopyranoside (pNPG; Nacalai Tesque, Kyoto, Japan) under standard reaction conditions. The reaction mixture (50 mL), composed of 2 mM pNPG, 40 mM sodium acetate buffer (pH 6.0), 0.02% bovine serum albumin (BSA), 0.02% sodium azide, and an adequate concentration of SmDG, was incubated at 37 C for 10 min. The enzymatic reaction was stopped by the addition of 100 mL of 1M Na 2 CO 3 , and liberated pNP was calculated from A 400 of the mixture using " 1 mM, 400 nm ¼ 16:7, which was experimentally obtained. To determine the catalytic parameters, the enzymatic reaction mixture (250 mL) was formulated to contain 0.2-12 mM pNPG and 1.2 mM EDTA in addition to 40 mM sodium acetate buffer (pH 6.0), 0.02% BSA, 0.02% sodium azide, and SmDG. To quantitate liberated pNP, 100 mL of the mixture was withdrawn and mixed with 200 mL of 1M Na 2 CO 3 . To measure glucose concentrations, the enzyme reaction (100 mL) was terminated by the addition of 50 mL of 4 M Tris-HCl buffer (pH 7.0), and glucose was quantified by the glucose oxidase-peroxidase method 28) using Glucose CII Test Wako (Wako Pure Chemical Industries, Osaka, Japan).
Kinetic parameters of catalytic reaction. The reaction scheme shown in Fig. 2 
where kinetic parameters, k cat1 , k cat2 , K m1 , and K m2 , were defined as follows by the rate constants shown in Fig. 2 :
The transglucosylation ratio was defined as follows, and was expressed as a function of the substrate concentration using a single parameter:
where K TG was defined as follows:
The K TG constant is the substrate concentration that gives a transglucosylation ratio of 50%.
Thermal denaturation of the enzyme. An enzyme solution (750 mL), composed of 1.4 nM SmDG, 0.033% BSA, 2 mM EDTA, 0-30 mM CaCl 2 , and 67 mM sodium acetate buffer (pH 6.0), was incubated at 319 K (46 C). An aliquot of 40 mL was withdrawn at indicated time and cooled on ice. The residual pNPG-hydrolyzing activity of the aliquot was measured by the standard assay.
pH stability. An enzyme solution (100 mL), composed of 2.1 nM SmDG, 0.01% BSA, 0.6 mM EDTA (or 5 mM CaCl 2 ), and 90 mM sodium acetate buffer (pH 3.6-6.2) or 90 mM Hepes buffer (pH 6.5- 7.9), was incubated for 15 min at 37 C and cooled on ice. After quick neutralization, residual activity toward 2 mM pNPG was assayed using 10 mL of the enzyme solution under the standard reaction conditions except that 100 mM sodium acetate buffer (pH 6.0) and 0.002% BSA were used. The pH range in which SmDG retained more than 90% of the original activity was considered to be the stable range.
Thermal denaturation kinetics. When a fully-active native enzyme (N) undergoes the single-step irreversible thermal deactivation process and is converted directly into a completely inactive form (D), N ! D the residual activity (A) is expressed as follows:
where A 1 is the original activity of N, k d is the rate constant of N ! D, and t is the time of the thermal process. When an enzyme undergoes the two-step irreversible thermal deactivation process, which includes one transitional active intermediate X,
the residual activity A is expressed by the following equation:
where A 1 and A 2 are the specific activities of N and X, respectively, and k d1 and k d2 are the rate constants at N ! X and X ! D, respectively. The parameters were obtained by the non-linear least squares method (the Levenberg-Marquardt algorithm) with Origin 8.1 (OriginLab, Northampton, MA, USA) in the t-A plots. Based on the Eyring transition state theory, activation Gibbs energy ÁG z was calculated by the following equation:
where k B , h, R, and T represent the Boltzmann constant (1:381 Â 10 À23 JÁK À1 ), the Planck constant (6:626 Â 10 À34 JÁs), the gas constant (8.3145 J K À1 mol À1 ), and the absolute temperature 319 K (46 C), respectively.
Results
Thermal denaturation process for SmDG SmDG of 1.4 nM was incubated at 46 C for 60 min. CaCl 2 was not added, but 2 mM EDTA was added to exclude the possible effect of contaminated bivalent cations. Residual activity during the heat denaturation process was monitored (Fig. 3A, B) . The time-dependent decrease in activity was not well fitted to the theoretical line based on the simple one-step denaturation model (Eq. (5), Fig. 3A ). The plots of ln A versus incubation time t were distinctly nonlinear (Fig. 3B) , indicating that the denaturation process was not correctly described by the simple one-step model. The theoretical line based on the two-step irreversible denaturation model, however, was well fitted to the plots (Eq. (6), Fig. 3A) . Hence, the heat denaturation of SmDG was expressed by the two-step irreversible denaturation model, in which fully active SmDG (N) was inactivated and converted to an inactive form (D) through an irreversible active intermediate (X). By applying the two-step model equation (Eq. (6)), the specific activities A 1 and A 2 of the fully active native form and the irreversible intermediate, respectively, and rate con- stants k d1 and k d2 of the irreversible change from N to X and X to D, respectively, were obtained (Table 1) 
Effects of Ca
2þ on the stability of SmDG Next, the thermostability of SmDG was assayed at the same temperature, 46
C, but in the presence of CaCl 2 at 0-30 mM (Fig. 3C) . The activity decreased during incubation at all CaCl 2 concentrations, but the rates of denaturation were drastically different depending on the CaCl 2 concentration. The activity dropped to 50% in 5 min at 0-1 mM CaCl 2 , but the presence of 2 mM CaCl 2 prolonged this to 30 min, and 3-30 mM CaCl 2 stabilized SmDG so that it retained 70% activity or higher even after 60 min of incubation. The most positive effect on stability was obtained at 5 mM CaCl 2 . All of the timecourses of decrease in residual activity were expressed well by the two-step denaturation model (Eq. (6), Fig. 3C ). By fitting the data to Eq. (6), the specific activities, A 1 and A 2 , and the rate constants of denaturation, k d1 and k d2 , were obtained ( Table 1) . Regardless of the CaCl 2 concentration in the thermal process, the specific activity of N (A 1 ) was in a good agreement with that of intact SmDG. The rate constant from N to X (k d1 ) was not significantly affected by the addition of 5 or 15 mM CaCl 2 either (k d1 ¼ 0:403 and 0.407 s À1 , respectively). In contrast, the specific activity of the irreversible intermediate (A 2 ) was increased 2-fold (A 2 ¼ 159 and 155 s À1 , respectively) and the rate constant toward the completely denatured form, k d2 , was decreased 42-fold by the addition of 5 mM CaCl 2 (k d2 ¼ 0:0015 s À1 ). The presence of CaCl 2 also affected the pH stability of SmDG (Fig. 4) . Without CaCl 2 , SmDG retained its activity in a narrow pH range (pH 5.8-6.7) after 15 min of incubation at 37 C. The range was, however, broadened by addition of 5 mM CaCl 2 , to pH 5.5-7.0.
Effects of other cations on the thermostability of SmDG
The thermal denaturation kinetics at 46 C of SmDG were analyzed in the presence of other salts: 15 mM KCl, NaCl, and MgCl 2 (Fig. 3D ). KCl and NaCl did not significantly affect the time-dependent decrease in activity, and hence the kinetic parameters were similar to those without salt ( Table 1 ). The presence of MgCl 2 , however, decreased the rate of inactivation of SmDG, although the positive effects on the thermostability of SmDG was lower than those due to 15 mM CaCl 2 (Fig. 3D, Table 1 ). In the presence of 15 mM MgCl 2 , k d1 even increased slightly, but k d2 dropped to 40%, and A 2 rose to 230% (Table 1) .
Kinetics of the catalytic reaction
SmDG catalyzes hydrolysis and transglucosylation simultaneously. The catalytic reaction of SmDG for pNPG was analyzed kinetically. The initial velocities of liberation of pNP (v pNP ) and glucose (v Glc ) from 0.2-12 mM pNPG were measured. Since aglycone (pNP) is produced by both hydrolysis and transglucosylation, v pNP must be the sum of the velocities of hydrolysis and transglucosylation. v Glc represents hydrolysis, and the and k d2 , the rate constant of irreversible denaturation step from N to X and from X to the inactive denatured form (D) of SmDG, respectively. e,f ÁG z 1 and ÁG z 2 , Gibbs's free energy required for steps of N to X, and X to D, respectively. g Heat denaturation was done in the presence of 2 mM EDTA. difference (v pNP -v Glc ) indicates the transglucosylation velocity. By the reaction scheme shown in Fig. 2 and steady-state kinetics, the initial velocities of hydrolysis, transglucosylation, and the both reactions are expressed by Eq. (2), Eq. (3), and Eq. (1), respectively. In Fig. 5A , the velocities in the absence of CaCl 2 are plotted as a function of the pNPG concentration. The velocities of aglycone-release and transglucosylation increased with the pNPG concentration, but the hydrolysis rates reached a maximum at 1 mM pNPG, and decreased with increase in the pNPG concentration. The data fitted the theoretical curves well (Fig. 5A) , and the kinetic parameters, k cat1 , k cat2 , K m1 , and K m2 , were determined from the theoretical equations ( Table 2 ). The plots of transglucosylation ratios, defined by Eq. (4), versus the pNPG concentrations fitted the theoretical saturation curve as well (Fig. 5C, solid squares) . The transglucosylation parameter, K TG , the substrate concentration giving a transglucosylation ratio of 50%, was determined to be 1.0 mM ( Table 2 ). The addition of 15 mM CaCl 2 did not have a strong impact on the kinetic behavior of the reaction on pNPG (Fig. 5B, C) . None of the parameters was significantly different from those in the absence of CaCl 2 , but the maximum aglyconereleasing velocity, k cat2 , decreased 20%, and transglucosylation fell with 20% increased K TG (Table 2) .
Discussion
SmDG is a GH13 31 enzyme that has a calcium ion bound to the ! loop 1 of the core ð=Þ 8 barrel in the solved three-dimensional structures (Fig. 1). 12) The calcium ion is coordinated in the site by eight atoms from five amino acid residues and two water molecules. The crystal structures of SmDG hold two other calcium ions between symmetry-related enzyme molecules. The crystal used in structural analysis was, however, grown in the presence of a high concentration (200 mM) of calcium chloride, and the two calcium ions were not predicted to be held in the protein molecule in a solution with a low concentration of CaCl 2 , but were predicted to be released. On the other hand, the other calcium ion on the ! loop 1 was predicted to be held in the protein due to tight binding.
Our biochemical analyses of SmDG revealed the function of the calcium ion in enhancing the stability of SmDG. In the absence and the presence of CaCl 2 , the denaturation kinetics of SmDG were not described by a single exponential decay, but by the two-step irreversible denaturation model, which was used to describe the deactivation of B. licheniformis -amylase 24) and several other enzymes. 25, 26) The model postulates that a fully active native enzyme (N) is transformed into a completely inactive form (D) via an active intermediate (X) through two irreversible steps. The deactivation intermediate of SmDG in the absence of any additional salt retained 39% of the activity of intact SmDG. In terms of rate constants, the change from N to X was 5.5-fold faster than the second step, from X to D, in the deactivation of SmDG. The addition of divalent cations in the thermal process did not cause a significant difference in the specific activity of N, but enhanced the thermostability of SmDG through an increase in the specific activity of the intermediate and the reduction of k d2 , while k d1 increased slightly. In the case of 5 mM CaCl 2 , the specific activity of X increased 2.2-fold, and k d2 fell 42-fold. Therefore, according to the model of two-step irreversible denaturation, the effect of calcium ions on the stability of SmDG during the thermal process is achieved by increased specific activity and enhanced stability of the deactivation intermediate.
The thermostability of SmDG was increased by MgCl 2 as well, but not by NaCl or KCl, which rather decreased the residual activity (Fig. 3D) . Therefore, the enhanced stability was due to the influence of the divalent cations, particularly the calcium ion. On the other hand, chloride ions and the ionic strength of the solution might reduce the thermostability of SmDG. The slight decrease in thermostability with CaCl 2 at higher than 5 mM might have been caused in the same way. It can be assumed that the enhancement of thermostability due to the addition of calcium ions at a low concentration is related to the tight binding of a calcium ion in the ! loop 1. The position of calcium binding in the SmDG structure is distinctly different from that commonly found in -amylases, which often possess Ca 2þ in domain B (a long protruding loop connecting 3 and 3 in the ð=Þ 8 barrel) maintaining its structural integrity.
7) The predominant -amylases have no calcium ion in the equivalent position in ! loop 1, as observed for SmDG, but calcium binding to the site in loop 1 has been found in many GH13 enzymes (representative examples are listed in Table 3 ). Even so, little has been known about functions of the calcium ion in that position to date. In cyclodextrin glucanotransferase and cyclodextrinase, which contain a calcium ion in loop 1 in the solved structures, the addition of a chelating reagent such as EDTA or ethyleneglycol bis(2-aminoethylether) tetraacetic acid reduced protein stability, 8, 10, 22) but it was unclear whether that effect was due to removal of the equivalent calcium ion in loop 1 or another, because the enzymes held two or more calcium ions in a protein molecule. A cyclodextrinase, so-called -amylase 2 of T. vulgaris, is the sole evidence that the calcium ion in the loop 1 is related to increases in the thermostability of the enzyme, because the enzyme holds just one equivalent calcium ion per protein molecule, and chelation with ethyleneglycol bis(2-aminoethylether) tetraacetic acid resulted in a reduction in the thermostability by approximately 5 C under the experimental conditions. 22) Our results for SmDG provide even more precise evidence as to what positive effects the calcium ion has on the stability of the protein.
As shown in Table 3 , the calcium ion-holding loop 1 structures fall into two groups: a short-loop group sharing consensus sequence Dx(N/D/T/S)xDg(I/X)gD, and a long-loop group sharing (D/N)g(D/N)xx(N/x)(N/D/S) and GgD connected with long toes of loop 1, where the capital letters indicate residues involved in direct interaction with the calcium ion, and x denotes any residue. SmDG belongs to the first short-loop group. The consensus sequences are widely distributed in many GH13 enzymes. The first consensus sequence of the short-loop group is shared by GH13 enzymes belonging to subfamilies 16, 17, 23, 29, 30, 31, 35 , and 36. The second long-loop group is comprised of GH13 enzymes of subfamilies 2, 19, 20, and 22. Exceptions are found only in subfamily 20. The both sequences are also shared by other GH13 enzymes not yet classified into any subfamily. It has not been known yet whether an equivalent calcium ion is held in the loop 1 site in many of the enzymes. Some solved three-dimensional structures, for instance, oligo-1,6-glucosidase from Bacillus cereus, 31) possess no calcium ion as ligand in the loop 1 site in spite of a shared consensus sequence, but it might happen because of the crystal conditions. There is possibility that by the addition of calcium ions to some concentration to the protein solution, calcium ions can be introduced into the calcium-binding site in ! loop 1, resulting in an increase in the stability of the enzyme, as observed for SmDG. 
